ABSTRACT Diabrotica spp. are serious pests of maize, Zea mays L., and have evolved resistance to cultural and chemical management practices. Transgenic maize producing a rootworm-toxic protein derived from the bacterium Bacillus thuringiensis Berliner provides a new approach to Diabrotica spp. management. Its use requires a refuge of nontransgenic maize to produce susceptible beetles able to mate with any resistant individuals developing on the transgenic variety to slow the evolution of resistance. Such evolution may simultaneously affect Þtness related traits such as longevity, fecundity, and body size. We examined the mating behavior and reproductive biology of Diabrotica barberi Smith & Lawrence in relation to male and female body size. Large and small males were reciprocally paired to large and small females for comparison with average sized beetles. Neither the proportion of pairs that copulated nor the precopulation duration varied signiÞcantly with size category; however, the duration of copulation was shortest for large males crossed with small females and longest for the reciprocal cross. Large females lived the longest regardless of mating partner. Although small females mated to small males tended to lay the fewest eggs, size category did not signiÞcantly affect egg numbers per week of life during a 12-wk oviposition period. Egg production peaked during the Þrst 4 to 5 wk and then steadily declined. These results suggest that resistance to transgenic maize, if associated with small body size, could provide a reproductive disadvantage for resistant females but not males that could prolong efÞcacy of the transgenic maize.
The northern corn rootworm, Diabrotica barberi Smith & Lawrence, and the western corn rootworm, Diabrotica virgifera virgifera LeConte, are serious economic pests of maize, Zea mays L., in the United States and recently in Europe, where the western corn rootworm continues to increase in importance (Sappington et al. 2006 , Gray et al. 2009 ). Both pests have adapted to traditional strategies available for their control. The western corn rootworm has repeatedly developed resistance to insecticides (Ball and Weekman 1963 , Meinke et al. 1998 , Wright et al. 2000 , Zhu et al. 2001 , and both species have circumvented crop rotation, the western corn rootworm by ovipositing in crops grown in rotation with maize (Levine et al. 2002) and the northern corn rootworm by extending diapause beyond 1 yr (Chiang 1965 ). In 2003, the U.S. Environmental Protection Agency (USEPA 2007) conditionally approved YieldGard Rootworm (Monsanto Co., St. Louis, MO), the Þrst of several genetically modiÞed maize strains for commercial use against corn rootworms. These transgenic strains produce one or more rootworm-toxic proteins derived from the bacterium Bacillus thuringiensis Berliner (Bt) and provide a signiÞcant new approach to corn rootworm management , Storer et al. 2006 .
Before registration of Bt transgenic crops, the USEPA (2007) has required submission of an insect resistance management plan to delay development of resistance to the bacterial toxin. Depending on the variety, producers using a Bt transgenic maize targeting corn rootworms must currently plant a portion (5Ð20%) of their maize acreage to a nontransgenic variety that is either adjacent to or within the transgenic Þeld. Provision of this nontransgenic refuge is intended to allow sufÞcient numbers of susceptible corn rootworm beetles to disperse from the refuge and mate with any resistant individuals emerging from the transgenic plants, thereby slowing the evolution of resistance to the Bt toxin and prolonging efÞcacy of the transgenic variety. There is a widely recognized need for additional data on corn rootworm biology, including mating behavior, dispersal, and other Þtness related traits, to design refuge strategies that ensure mating of any surviving Bt-exposed beetles with unexposed individuals (Onstad et al. 2001 , Storer 2003 , USEPA 2007 , Marquardt and Krupke 2009 . Highlighting the need for these data are recent experimental results demonstrating that rapid resistance development is possible in Bt-exposed beetles that cannot mate with individuals unexposed to the transgenic variety, especially the lower dose varieties generally available for corn rootworm control (Lefko et al. 2008 , Meihls et al. 2008 , Tabashnik 2008 .
The development of resistance to transgenic crops, as well as to other management options, may be associated with Þtness costs or other drawbacks inßu-encing such traits as survival, developmental time, or body size (Costa et al. 2000 , Bates et al. 2005 , Gassmann et al., 2009 . Only minimal Þtness costs, if any, have so far been associated with rootworm survival on Bt maize; however, the currently available events generally produce a low-moderate dose of Bt toxin compared with those used for lepidopteran control (Siegfried et al. 2005 , Storer et al. 2006 , Meihls et al. 2008 , Tabashnik 2008 , Hibbard et al. 2009 ).
Insect body size is often an important component of individual Þtness, in which Þtness is deÞned as the number of offspring reaching sexual maturity (Thornhill and Alcock 1983) . In many insect species, corn rootworms included (Branson and Sutter 1985) , larger females are more fecund than smaller females. Where males compete directly for females, larger males usually have a mating advantage over smaller males. Females also may choose to mate with larger males if larger males somehow enhance female Þtness, e.g., providing larger or more nutrient rich nuptial gifts during mating (Thornhill and Alcock 1983) . This competition should be intensiÞed where females mate only once or a few times and males can mate multiple times during their lifetimes, a pattern characteristic of corn rootworm beetles (Hill 1975 , Branson et al. 1977 , Quiring and Timmins 1990 .
Our goal was to examine the mating behavior and reproductive biology of northern corn rootworm in relation to body size. Here, we report on male and female size distributions under laboratory conditions and relate receptivity to mating and fecundity of females to male and female body size.
Materials and Methods
Pupae Size Determination. All D. barberi were obtained from our rearing colony at the USDAÐARS, North Central Agricultural Research Laboratory (formerly Northern Grain Insects Research Laboratory) in Brookings, SD, and handled similarly to D. v. virgifera (Jackson 1986 ). The original beetles were collected locally in 1996 and passed through one generation each year for seven generations. Before selecting large and small insects for mating observations, we determined the size distribution of both male and female pupae and the relationship between pupal and adult body size. Male and female size distributions were determined by weighing insects from randomly selected containers housing male and female pupae from the laboratory colony. The pupae were carefully excavated from the containers and their pupal cells, given an identiÞcation number, and then sexed (Krysan 1986 ) under a M32 stereomicroscope (WILD, Heerbrugg, Switzerland) at 25ϫ magniÞcation. The pupae then were weighed to the nearest 0.01 mg on an AP250D (Ohaus, Florham Park, NJ) analytical electronic balance. After weighing, each pupa was housed in a Nalgene (Nalge Nunc International, Rochester, NY) 7-ml plastic bioassay cup containing Ϸ5 ml dried and sifted 80-mesh soil moistened with 2.5 ml of distilled water to prevent desiccation. After determining sex and size, the pupae were placed in an environmental chamber at 25ЊC and 60% RH in darkness and checked each day for eclosion. All newly emerged adults were removed from the bioassay cups within 1 d after their cuticles had hardened and weighed as described above.
Size-Based Mate Selection. Pupae obtained from the colony and handled as described above were assigned to large and small size categories by sex. We assumed normal pupal weight distributions and calculated 95% conÞdence limits (CL) for standard deviations about mean weights of each sex using the formula of Zar (1984) . Adjusting for the 95% CL, large males and females (LM and LF, Ն 12.4 and 12.8 mg, respectively) were Ն1 SD above the mean, whereas small males and females (SM and SF, Յ 9.1 and 9.4 mg, respectively) were Ն1 SD below the mean. For comparison, we also included average size males and females (AM and AF) whose pupal weights were within 1 SD from the mean.
Upon eclosion, each adult was housed in a twochambered plastic cage and provided with ample fresh food and a vial of water plugged with a cotton wick. The diet, changed twice weekly, was very similar to that developed by Branson and Jackson (1988) , except our diet substituted fructose for sucrose and added the antibiotics lincomycin and spectinomycin for bacterial and mycoplasmal control. Each cage consisted of a 6.5-cm-diameter, 0.17-liter container glued at its bottom to the upper surface of a 15-cm-diameter lid Þtted on a 15-cm-diameter, 1.15-liter container. For air circulation, Ϸ5-cm-diameter holes were drilled above one another through the lids of both containers and the bottom of the smaller container. A plastic screen mesh (eight strands per cm) covered the hole in the 6.5-cm lid. All cages were placed in a growth chamber at 25ЊC and 60% RH until tests commenced. The photoperiod for adults was 14:10 (L:D) h.
Insects identiÞed by individual number were grouped in mixed-sex pairs in 10-by 35-mm petri dishes by body size: LMLF, LMSF, SMLF, SMSF, and AMAF. Age at pairing ranged from 1 to 3 d for females and 4 Ð 8 d for males. All pairs were videotaped for at least 2 h using a DCR-TVR900 digital video camera recorder (Sony, Tokyo, Japan); copulations that began within 2 h were videotaped until the sexes separated. Our goal was to tape at least 30 pairs for each size category. All videos were streamed into a computer using Broadway Pro version 4.5 software (Data Translation, Marlboro, MA) and then imported into The Observer XT version 6.0.16 software (Noldus Information Technology, Wageningen, The Netherlands) for analysis. We recorded the time elapsed between mixing the sexes and the start of copulation, which we called courtship time, and copulation duration. Copulation began when the male adeagus was fully inserted into the female and his hind legs were positioned completely off of the substrate and placed at the base of the female abdomen near her genitalia. Copulation ended when the male and female separated and ceased sexual interactions. In a preliminary mating trial with D. barberi, in which 32 of 84 females were judged to have copulated using the above-mentioned criteria, we found upon dissection immediately after mating that all 32 of these females had received a spermatophore.
Females that copulated were returned to their individual chambers. A week later an oviposition dish (15-by 35-mm petri dish) containing soil thoroughly moistened with distilled water was added to the chamber. The soil consisted of small clumps Ϸ5 mm in diameter added atop a Þne layer of Ϸ4 ml that had been sifted through an 80-mesh screen. A small hole, Ϸ5 mm in diameter, was drilled into the petri dish lid to allow the female access for oviposition. We covered the dish lid with a small piece of sheet metal folded like an accordion to partially darken dishes and thereby facilitate oviposition. Egg dishes were replaced at weekly inspections until death, when female age was recorded. Used dishes were stored at 8ЊC until their contained eggs could be separated from the soil (Ruesink 1986) and ßoated in a solution of Epsom salt and water. We counted the total number of eggs and visually determined the potentially viable number by eliminating those with physical damage or discoloration (Boetel and Fuller 1997) .
Statistical Analysis. Adequacy of the assumption of normality for pupal weights was tested using the KolmogorovÐSmirnov statistic (K-SD max ) (SAS Institute 1998 , Zar 1984 . Skewness and kurtosis of the size distributions also were calculated, with values near zero indicating the symmetry and shape of a normal distribution (Zar 1984 , SAS Institute 1998 . PearsonÕs correlation coefÞcient (r) tested strength of the association between pupal and adult weights (SAS Institute 1998). We used a 2 by 5 contingency chi-square analysis to determine whether body size in crosses inßuenced mating success (Zar 1984 , SAS Institute 1998 . One-way analysis of variance (ANOVA) was used to test for differences among crosses in courtship duration, copulatory duration, and female longevity. Based on a randomized block design, we used PROC MIXED for repeated measures ANOVA to test for differences in total and in potentially viable egg production by cross and week (Zar 1984 , SAS Institute 1999 . Data for the repeated measures analyses were limited to weeks 1 through 12 of egg collection and derived only from those females that lived for 2 wk or more after pairing. The 12-wk interval approximates the maximal oviposition period under Þeld conditions in the upper Midwest. Except for the chi-square analysis, statistical tests were performed on log 10 (x ϩ 1)-transformed data to normalize distributions and equalize variances.
Results
The weights of both male and female pupae were normally distributed (Table 1) , justifying the assumption of normality made to calculate 95% CL for the standard deviations about mean pupal weights. A strong positive correlation was found between pupal and adult body sizes (Table 1) , justifying the use of pupal weights to assign adults to size categories.
For the videotaped mating observations, large males and females averaged 6 mg more than their small counterparts as pupae, and both large and small beetles were Ϸ3 mg larger or smaller than average-sized males and females (Table 2) . Despite the size differences, the proportion of pairs that copulated successfully did not vary with size category (Table 3; 2 ϭ 3.5, df ϭ 4, P Ͼ 0.10). That is, females, whether large, small or average in size, rejected large males as frequently as they did small or average-sized males.
For successful copulations, there was no signiÞcant difference in courtship duration among crosses (F ϭ 1.2; df ϭ 4, 79; P Ͼ 0.10), despite an Ϸ18-min mean difference between the fastest (AMAF) and slowest (LMSF) cross (Table 3) . However, we found significant differences in copulation duration among the pair types (F ϭ 4.6; df ϭ 4, 79; P ϭ 0.002), with LMSF copulating on average for the shortest and SMLF for the longest duration (Table 3) . This difference perhaps reßects a tendency for small females to mate faster than large females.
We found signiÞcant differences in mean female longevity among mating pairs (F ϭ 4.3; df ϭ 4, 78; P ϭ 0.004). Large females lived longer than small females regardless of the size of their mating partner (Table 4 ). In contrast, Small females mated to small males tended to lay the fewest eggs per week of life during the 12-wk oviposition period, followed by large females mated to small males (Table 4) . Average-sized and small females mated to large males tended to lay the most. Despite these trends, we found no statistically signiÞcant difference in eggs laid per week among crosses (F ϭ 0.91; df ϭ 4, 74.9; P Ͼ 0.10) nor signiÞcant interaction between cross and week (F ϭ 1.1; df ϭ 44, 582; P Ͼ 0.10). Egg production did vary signiÞcantly, however, among weeks (F ϭ 8.1; df ϭ 11, 584; P Ͻ 0.0001), with a steady decline after the second week (Fig. 1) . Most oviposition occurred during the Þrst 4 to 5 wk.
Number of potentially viable eggs laid per week of life during the 12-wk oviposition period tended to be highest for average sized females and lowest for females mated to small males (Table 4) . Average sized pairs and females mated to large males tended to lay the most. Despite these trends, we found no statistically signiÞcant difference among crosses in potentially viable eggs per week (F ϭ 1.2; df ϭ 4, 74.1; P Ͼ 0.10) nor signiÞcant interaction between cross and week (F ϭ 1.1; df ϭ 44, 499; P Ͼ 0.10). Similar to total egg production, however, viable egg production did vary signiÞcantly among weeks (F ϭ 17.9; df ϭ 11, 501; P Ͻ 0.0001), with a steadily decline after the second week (Fig. 2) . Most potentially viable eggs were laid during the Þrst 4 to 5 wk.
Discussion
Large body size in insects and other animals frequently enhances reproductive success either through direct competition for mates or through females preferentially mating with larger males (Thornhill and Alcock 1983 , Blanckenhorn 2005 , Cothran 2008 , Hunt et al. 2009 ). In our study, however, we found no differences in the proportion of pairs mating when females of various sizes were paired with variously sized males, suggesting that female D. barberi do not discriminate against males based on this criterion. Male body size also was determined not to be a mate selecting factor for several other chrysomelids, including leaf beetles Chrysophtharta agricola (Chapuis) and Oreina cacaliae (Schrank) (Labeyrie et al. 2003, Nahrung and Allen 2004) . However, Labeyrie et al. (2003) found that larger Oreina gloriosa F. males had a mating advantage over smaller males, which they attributed to higher concentrations in larger males of cardenolide toxins that are used in predatory defense and passed on to offspring. Kang and Krupke (2009) reported a mating advantage for large D. v. virgifera females in the laboratory and a positive size correlation between members of mating pairs at one Þeld site, but not at another, suggesting that selection pressures on size may ßuctuate with Þeld conditions, as they do in the male spider Latrodectus hasselti Thorell (Carroll et al. 2007, Kasumovic and Andrade 2009) .
That no apparent mate preference by female D. barberi for large body size was found does not preclude females from cryptically discriminating against Mean copulation durations followed by different letters are signiÞcantly different (P Յ 0.05; FisherÕs protected LSD). a One video corrupted (n ϭ 20 for courtship and copulation durations). b Two videos corrupted (n ϭ 14 for courtship and copulation durations). smaller males by prolonging courtship and/or copulation durations, which would perhaps provide more time for more suitable mates to displace less suitable mates or for females to assess the genetic quality of their mates (Tallamy et al. 2003) . Although adult size was not measured, Lew and Ball (1979) found that after mounting, males courted females for 10 Ð 60 min before copulation in D. v. virgifera. Courtship duration, deÞned as time from mixing of the sexes until copulation started, ranged from under one to Ͼ90 min in our study of D. barberi but did not vary with body size. In D. v. virgifera, Ball (1979, 1980) found that copulation lasted 3Ð 4 h, an interval required for maximal insemination. Copulation duration was shorter for D. barberi, ranging from 27 to 107 min, and varied among the pair types. The longest average duration occurred when small males were mated to large females and the shortest when large males were mated to small females, a pattern not inconsistent with cryptic discrimination by females against small males. In addition, with the biggest difference occurring between pairs mismatched for size, there may be a limitation on spermatophore size that a female can receive in her bursa copulatrix, and consequently small males copulating with large females needed more time to produce and transfer the spermatophore than did large males mated to small females. Although Quiring and Timmins (1990) found in D. v. virgifera that the mass of spermatophores was unrelated to male size, they did not indicate whether it was related to female size. Other courtship factors such as males rapidly stroking females with their antennae, legs, or other body parts could affect precopulatory and copulatory duration (Bień kowski 1999, Lew and Ball 1979 , Tallamy 2004 , Tallamy et al. 2002 . The range of female life spans was similar among crosses, varying from 7 to 175 d. Means, however, for female longevity varied among crosses, with large females living longer than small females regardless of male size. Naranjo and Sawyer (1987) showed that under laboratory conditions similar to ours, wild D. barberi females from a New York population lived on average Ϸ65 d, with a range of 25Ð124 d. Their results are comparable to those for small females from our laboratory colony. Boetel and Fuller (1997) found that wild D. barberi emerging early in the season in South Dakota lived on average Ϸ90 d, which is between our large and average sized females. The life span of wild female D. v. virgifera captured either as pupae or in copula in maize Þelds and reared under laboratory conditions averaged 95 d (range, 19 Ð126) in a study by Branson and Johnson (1973) and 68 d (range, 6 Ð163) and 78 d (range, 3Ð132) in a study by Hill (1975) . So, there seems to be considerable variability in longevity among populations within and among these Diabrotica spp. One difference, besides wild caught and laboratory reared beetles, between the previous studies and ours is the diet, which can affect longevity (Elliott et al. 1990 , Lance and Fisher 1987 , Naranjo and Sawyer 1987 . The wild beetles were fed a diet of various maize parts (e.g., silks, tassels), whereas our beetles were fed artiÞcial diet. Another difference from the previous studies is that our females were housed individually, and continuously housing females with males reduces their longevity in many species, for example, in Drosophila melanogaster (Meigen) (Rice 2000) , presumably due to repeated male sexual harassment.
We did not Þnd any differences among the pair types in total nor potentially viable egg numbers expressed as mean numbers per week of life during a 12-wk oviposition period. The total number of eggs laid per week varied considerably, ranging from 0 to 255 for large females and 0 Ð124 for small females, whereas the number of potentially viable eggs ranged from 0 to 200 for large females and 0 Ð98 for small females. When considered with female longevity, these numbers equate to more eggs being laid by our D. barberi females than by those in studies by Boetel and Fuller (1997) , Lance and Fisher (1987) , and Naranjo and Sawyer (1987) . Total egg numbers per female over the 12-wk oviposition period averaged 500 for all of our females in all size categories assuming no egg production by those that lived Ͻ2 wk, compared with 206, 128, and 274 for the latter studies, respectively. Factors contributing to the differences in fecundity among studies could be type of diet, as mentioned above, and design of housing containers and oviposition dishes. In addition, females housed with males may die sooner and produce fewer eggs than do females housed without males (Rice 2000) . Also, unlike the wild captured females, our females, obtained from a laboratory colony, were presumably reared under optimal conditions for their entire lives. Oviposition rate was highest during the Þrst 4 to 5 wk, when egg viability also peaked. This peak and then decline in egg production with age is consistent with other studies on D. barberi (Lance and Fisher 1987) and D. v. virgifera (Elliott et al. 1990) .
With beetles of different size categories being treated similarly in our study, we are not sure why smaller females died earlier than did larger females or what selective forces maintain the current size distributions in both sexes. But, should the greater longevity of larger females and thus their greater lifetime production of eggs occur under typical Þeld conditions, then reproductive success of larger females should exceed that of smaller females. Another unknown is whether larger males would have a mating advantage under competitive conditions. If there is a Þtness cost associated with D. barberi evolving resistance to Bt maize or to another rootworm toxin incorporated into the maize genome, and this cost results in smaller individuals relative to susceptible individuals, then the evolution of resistance could be delayed substantially given the size-based differences in female longevity and fecundity and potential differences in male competitive abilities to fertilize ova. Further research is needed to conÞrm the shorter longevity of smaller D. barberi females under Þeld conditions and to explore body size effects on mating success under competitive circumstances.
